An aseptic bioassay utilizing female and male donor materials was performed in order to assess the allelopathic activities of cladophylls and root systems in dioecious asparagus. The aseptic sandwich method revealed that the growth of acceptor plants was significantly inhibited by the addition of over 30 mg fresh weight of cladophylls. When female and male cladophylls were separately adopted for the sandwich method, there was no sexual difference in the allelopathic activity of both youthful and senescent cladophylls. To detect the allelopathic effects of root systems, the plant box method employing female and male regenerants was used aseptically, and the growth of acceptor plants was seriously inhibited irrespective of sex expression in donor plants. Early in vitro flowering seedlings expressing individual sex were effectively used for the bioassay, and the results indicated that the degree of allelopathic activities was the same as that in regenerants. These results show that allelopathic activity in female and male plants was equivalent, and that the application of materials that can distinguish between the sexes would be useful for assaying the mutual effects of sexuality on allelopathy. The aseptic bioassay system that employed female and male materials presented here could promote the isolation and identification of allelochemicals.
Introduction
Asparagus (Asparagus officinalis L.) is a dioecious plant and a perennial vegetable. Throughout the asparagus-growing area in Japan, asparagus seedlings are cultivated in the same place for over 15 years once they are planted in the field. It is well known that crop yield and quality have gradually decreased as a result of long-term cultivation since the mid-twentieth century (Grogan and Kimble, 1959) , and that replanting problems occur in such fields (Lake et al., 1993; Yang, 1982) . One possible reason for the decline in the asparagus crop yield includes the allelochemicals released from asparagus plants in continuously cropped fields (Hazebroek et al., 1989; Lake et al., 1993) . This problem has also been attributed to autotoxic or autoallelopathic effects (Hartung and Stephens, 1983; Hartung et al., 1989; Shafer and Garrison, 1986; Yang, 1982; Young, 1984; Young and Chou, 1985) , although autotoxicities are considered a particular type of allelopathy. To date, many kinds of allelochemicals that were the causative substances of allelopathy have been identified (Hartung et al., 1990; Kitahara et al., 1972; Miller et al., 1991; Schotte and Ström, 1956 ); however, it has not been demonstrated that a decline in asparagus yields is associated with these compounds, even though they can inhibit seed germination and seedling growth in another species.
Since exudates including allelochemicals were prepared from soil and plants grown in a field and greenhouse, microbial effects on the isolation and identification of some aimed compounds were inevitable. Interesting results have been reported about the conversion of exudates produced biosynthetically by plants into allelochemicals with ordinary microorga-nisms in the soil (Inderjit, 2005) . Considering these findings, it has been unclear whether the allelochemicals identified were directly produced by plants or indirectly converted by microbes. These drawbacks will diminish with the application of an aseptic bioassay system where donor and acceptor plants are free from microbial activities. Moreover, sexual differences in allelopathic activities in other plants as well as asparagus remain to be examined. It is essential to evaluate individually the allelopathic effects of female and male asparagus plants from agricultural and botanical perspectives. This study presents the allelopathic activities in female and male regenerants by means of an aseptic bioassay system established herein, and also demonstrates the effectiveness of the in vitro seedlings that flowered precociously as donor plants in the assay system.
Materials and Methods

Assessment of allelopathic activity in cladophylls
Hormone-free medium containing half-strength Murashige and Skoog (MS) basal salts and MS vitamins (Murashige and Skoog, 1962) supplemented with 10 g·L −1 sucrose and 7.5 g·L −1 low-melting agar (gelling temperature 30-31°C; Nacalai Tesque, Kyoto, Japan) was adjusted to pH 5.7 and autoclaved. Then, 5 mL of the mixture was poured into each cell (3 cm diameter) in multiple dishes. Sterilized cladophylls of 30, 60, and 90 mg in fresh weight, excised from five of each female and male plant ('Welcome') in early April (youthful) or late November (senescent), were placed on the solidified medium. Additional 5 mL medium, cooled to approximately 40°C, covered the cladophylls to sandwich them between the media. After solidifying the medium in each cell, pre-germinated seeds of lettuce (Lactuca sativa L. 'Great Lakes 366') were surface sterilized and placed on the medium (5 grains/cell) with the germ pore-side down. Multiple dishes were sealed with Parafilm ® M (Pechiney Plastic Packing, Menasha, USA) and incubated at 25°C under dark conditions. After 3 days of culture, the radicle length of each lettuce seedling was measured. Two cells were employed per treatment. To study the effect of sexuality of asparagus cladophylls on allelopathic activity, 30 mg fresh weight of female or male materials were packed into the medium. Four cells in dishes were used per treatment. All of the experiments were conducted independently five times.
Plant regeneration
Female and male young shoots of asparagus (Asparagus officinalis L. 'Welcome') were sterilized on their surfaces. The apical meristems were excised under a dissecting microscope and placed on a solid medium containing MS basal salts and vitamins supplemented with 2 mg·L −1 2,4-dichlorophenoxyacetic acid (2,4-D), 30 g·L −1 sucrose, and 2 g·L −1 gellan gum powder (Wako, Osaka, Japan). The pH of the medium was adjusted to 5.7 and autoclaved. Cultures were kept at 25°C under a 16-h (light)/8-h (dark) photoperiod with 50 μmol·m −2 ·s −1 photosynthetic photon flux density (PPFD) provided by white fluorescent lamps. After 3 months of culture, induced calluses were subcultured to the same composition medium every month. Embryogenic cells generated from subcultured calluses were transferred to hormone-free liquid MS medium supplemented with 30 g·L −1 sucrose on a rotary shaker at 100 rpm for 1 week, and then sieved through stainless mesh (ϕ 220 μm). The sieved embryogenic cells were plated on regeneration medium (pH 5.7) containing MS basal salts and vitamins supplemented with 0.1 M maltose and 10 g·L −1 gellan gum powder at 0.1 mL packed cell volume. After 4 weeks of culture, the obtained female and male embryos were transferred to 30 × 170 mm tubes containing 20 mL hormone-free MS medium for further development. There was no somaclonal variation in the regenerants used here.
Assessment of allelopathic activity in root systems
A bioassay for measuring allelopathy in root exudates was modified using the plant box method as previously described by Fujii (1993) . A donor zoning tube was prepared using a vinyl chloride tube (outer and inner portions of 32 and 25 mm diameter, respectively). The tube was cut into a 70-mm length, leaving a sidewall of about one-third of the tube intact. An open window with upper and lower ridges of 7 mm was made two-thirds along the tube, and the bottom was sealed with a vinyl chloride plate 2 mm thick. Commercial nylon mesh was attached to the window using adhesive, so that the roots of the acceptor plants were separated from the donor materials and the root exudates could pass from donor to acceptor. The tube-mounted nylon mesh was sterilized with 70% (v/v) ethanol and positioned at one corner of a GA-7 Magenta box, measuring 65 × 65 × 100 mm (Magenta, Chicago, USA), that had been autoclaved. The root regions of five of each female and male regenerant were set in the tube. Medium consisting of sterile distilled water and 7.5 g·L −1 low-melting-point agar was autoclaved, and then 250 mL of the medium was poured gently into the GA-7 Magenta box after it had cooled off. After the media had solidified, sterilized lettuce seeds were sown into the medium with the germ pore-side down at approximately 1 cm intervals. Upon completion, the other box was stacked upside-down and sealed with Parafilm ® M to avoid airborne microorganisms. The root systems were shaded with aluminum foil. The cultures were incubated at 25°C under a 16-h light/8-h dark cycle with 50 μmol·m −2 ·s −1 PPFD provided by white fluorescent lamps. After 5 days of culture, the radicle length of the acceptor plants was measured. The experiment was conducted independently three times. The distances of the callus-embedding zone separating the tube and radicle length were plotted, and the linear regression curve was fitted using Microsoft Excel software.
Allelopathic activity of in vitro flowering plants
We used the method of Ozaki et al. (1999) for early in vitro flowering of asparagus seedlings. Asparagus seeds ('Welcome') were sterilized and treated with 200 μM n-propyl N-(3,4-dichlorophenyl) carbamate. Treatment solution was made by dissolving compounds in a small volume of dimethyl sulfoxide (DMSO) and diluting them with distilled water so that the final concentration of DMSO was 0.5%. Seeds were soaked with the treatment solutions for 10-12 days at 25°C under a 16-h photoperiod from fluorescent lamps (50 μmol·m −2 ·s −1 PPFD). After incubation, the seeds and seedlings were washed with distilled water and transferred to the hormone-free medium in the test tube (30 × 200 mm). Three weeks later, the sex of the seedlings that had flowered was confirmed with flower morphology [Survival rate (%) = 86 (no. of seedlings survived/no. of seeds sowed × 100); Flowering rate (%) = 58 (no. of flowering plants/no. of seedlings survived × 100); Appearance rate by sexuality (%) = 100 (no. of plants producing individual organs/no. of flowering plants × 100); n = 64] and applied to the aseptic bioassay mentioned above.
Results and Discussion
Allelopathic activity of aseptic cladophylls
We found that the radicle elongation of lettuce seedlings was inhibited by the addition of over 30 mg fresh weight of cladophylls to 30% of the length of the controls (Fig. 1) . The allelopathic activities of cladophylls increased based on the amount added. The germination of acceptor plants was inhibited by the addition of 90 mg fresh weight. It seemed that 30 mg fresh weight of cladophylls per cell in multiple dishes was suitable for an aseptic sandwich method. In a preliminary experiment, there was no difference in allelopathic activity among the cladophylls collected from different parts of a fern, such as the top, middle, and bottom. These results indicate that cladophylls can be utilized to assess allelopathic activity and that they would release allelochemicals in a bioassay system. Although asparagus is a dioecious plant and its sexuality is an important characteristic from an agricultural standpoint, there is no report of an allelopathic assay that considers the sexuality of many species in Plantae. We performed an aseptic bioassay with female and male cladophylls excised from youthful and senescent plants. When youthful female and male cladophylls were separately added to each nutrient medium at 30 mg fresh weight, the radicle elongation of acceptor plants was strongly inhibited, and no sexual difference in the inhibition degree was observed, as shown in Figure 2 . Whereas senescent female and male cladophylls were individually added to nutrient medium at the same volume as the samples, the elongation of acceptor radicles was severely inhibited, and no sexual difference in the inhibition degree was recognized. These results suggest that the investigation of allelopathic activities could proceed without taking into account the sexuality and age of asparagus cladophylls.
Allelopathic activity of aseptic roots
After Yang (1982) and Young (1984) employed plant materials that had been cultivated in the field for allelopathic study of asparagus, it became known that substances biosynthesized in plants might be changed into allelochemicals via microbial metabolism, and that soil microorganisms could contaminate nutrient media and the materials used for the bioassay system. Moreover, it has been suggested that the biosynthetic quantity of allelochemicals in asparagus changes depending on seasonal environmental stress (Miller et al., 1991) . To avoid these defects, we performed an aseptic bioassay where we utilized the materials in a controlled environment with no infection from microbes. When the regenerants of female and male asparagus were adopted for the plant box method, the radicle elongation of acceptor plants was clearly inhibited compared to full elongation (Figs. 3 and 4 ). There were no differences in allelopathic activity between female and male donors. The radicles of acceptor plants were extremely short at the closest position to the regenerants, and the degree of inhibition decreased as the distance from the regenerants increased. These results indicate that the gradient of released and distributed allelochemicals gave rise to solid nutrient medium in a culture vessel. Consequently, the study of allelopathy in asparagus could progress without taking the sexuality of root systems into account, the same as with cladophylls.
Allelopathic activity of in vitro flowering plants
We could assess the allelopathic activities in asparagus root systems by taking advantage of female and male regenerants, but regeneration was needed more than semiannually. It is therefore desirable to promptly obtain aseptic female and male donors. Recently, sex-linked primers in asparagus have been developed for identifying sex at an early developmental stage (Jamsari et al., 2004; Nakayama et al., 2006) , and the method includes some kind of stress that might affect the biosynthesis and dynamics of allelochemicals when total DNA is isolated from tissues. The successful early in vitro flowering of asparagus intact seedlings expressing individual sexes has been reported, although the sex expression of the seeds used was unknown. Abe and Kameya (1986) were the first to induce flowers in one-month-old asparagus seedlings by treatment with a herbicide, either atrazine or diuron. Subsequently, other related compounds, especially carbamate, were also reported to induce a greater percentage of seedlings to flowers (Aneja et al., 1999; Ozaki et al., 1999; Yanosaka et al., 1991) . Carbamate-induced female flowers showed a style and larger ovary, whereas the male flower had stamens, as shown in normal female and male flowers, respectively (Fig. 5) . When early in vitro flowering plants were adopted for the plant box method, the radicle length of acceptor plants was inhibited (Fig. 6) . The value of the intercept on the regression line was very small compared to the control. Since the degree of inhibition in the growth of acceptor plants obtained by application of earlyflowered plants was similar to that of regenerants, an early flowering system would be a powerful tool for the detection of allelopathic activity.
In conclusion, female and male asparagus plants showed equivalent allelopathic activities. We also previously reported that the calluses originated from female and male plants possessed equivalent activities (Watanabe et al., 2011) . These findings support previous results identifying allelochemicals in asparagus that sexuality could not be used to distinguish then (Hazebroek et al., 1989; Lake et al., 1993; Peirce and Miller, 1993; Shafer and Garrison, 1986; Yang, 1982; Young, 1984; Young and Chou, 1985) . A study is now underway to confirm the mutual effect of allelopathic activity, autointoxication, utilizing female and male embryos. The aseptic bioassay system employing a solid medium with known ingredients and distributed allelochemicals could confirm the isolation and identification of allelochemicals. Aseptic bioassay was performed as described in Figure 4 . 
